Over the past decade remarkable advances have been made in the understanding of the molecular pathogenesis of low-grade gliomas (LGGs), especially those occurring in childhood. With the discovery in 2007 that the majority of pediatric pilocytic astrocytomas were driven by identifiable aberrations of genes encoding proteins of the RAS--mitogen-activated protein kinase (MAPK) pathway, there was a new conceptualization and understanding of these tumors.^[@CIT0001],[@CIT0002]^ Furthermore, with the recognition that different types of genetic alterations in this pathway may underlie these LGGs, including tumors that are considered World Health Organization (WHO) grade II or infiltrating lesions, biopsies for the molecular characterization of sporadic LGGs have become more routine and essentially mandatory in many situations.^[@CIT0003]^ Neurofibromatosis type 1 (NF1), an autosomal-dominant condition with a prevalence of approximately 1 in 3000, has a myriad of manifestations, including the development of LGGs.^[@CIT0003]^ Separation of non-NF1-associated pediatric low-grade tumors by mutational status, such as BRAF fusion and V600E mutation determination, was recommended by a consensus conference held with experts in the field.^[@CIT0003]^ The increased molecular characterization of sporadic pediatric LGGs revealed that other less common fusions and mutations may occur and, in total, compose nearly 20% of all genetic alterations in these tumors.^[@CIT0002]^

Histologically unconfirmed presumed LGGs, which can occur in as many as 20% of children with NF1, are often diagnostically and therapeutically managed differently than their sporadic counterparts.^[@CIT0003],[@CIT0006]^ Given the erratic and often indolent natural history of such tumors coupled with the lack of need of antitumor treatment for many patients, biopsy and/or surgical removal is performed less frequently than for sporadic tumors. The molecular characterization of these tumors is less likely to be performed. Even in those tumors that require treatment, therapy may be different due to the relative responsivity of these lesions compared with non-NF1-associated tumors, as well as the tendency of some NF1-associated gliomas, especially those of the visual pathway, to stabilize, senesce, or even involute without treatment.

Prior consensus conference recommendations have suggested that biopsies were not required for the majority of NF1-associated presumed LGGs,^[@CIT0003],[@CIT0006]^ as most will be pilocytic astrocytomas and treatment can be based predominantly on clinical and radiographic features. However, this recommendation has been called into question with the findings of one recent large-scale genomic study which revealed that the molecular genetics of gliomas in children and young adults with NF1 are more complex than initially realized.^[@CIT0007]^ Some of these findings are consistent with the molecular alterations identified by other researchers in a study of "anaplastic astrocytoma with piloid features," a tumor type often harboring NF1 gene mutations in addition to other mutations not typically seen in pilocytic astrocytomas or sporadic high-grade gliomas (HGGs).^[@CIT0008]^ Additional molecular abnormalities which may occur, in addition to NF1 loss, include concomitant mutations in cyclin-dependent kinase inhibitor (CDKN)2A/B and alpha thalassemia/mental retardation syndrome X-linked (ATRX). The concept of transformed LGGs in children and especially young adults with NF1 has taken on greater credence, with "transformed" tumor showing a more aggressive phenotype; a phenotype that is driven by a more complex mutational pattern and may be pathogenic in the majority of HGGs occurring in this patient population, especially in adults.

Given these new complexities, a consensus conference with experts in NF1 and LGGs was held, reviewing the biology of pediatric and adult gliomas in patients with NF1, the status of preclinical information available concerning such tumors including animal modeling and the results of therapeutic studies. Specific recommendations were made regarding the management of NF1-LGGs and the necessary next steps to improve the understanding and ultimately outcome of affected patients.

Diagnosis {#s1}
=========

Historically, biopsy has been deferred for children with NF1-LGGs, given the typical imaging appearance, concern for functional decline following biopsy in a sensitive location such as the optic pathway or brainstem, and the assumption that no additional molecular abnormalities beyond the loss/mutation of both *NF1* alleles would be found.^[@CIT0003],[@CIT0004]^ Although emerging experience suggests that biopsy of a brainstem mass can be performed with minimal permanent risk to function,^[@CIT0009]^ there continue to be concerns about the risk of visual decline with biopsy of the optic nerve or chiasm.

Routine histologic evaluation allows for the classification and grading of most gliomas, although a subset of gliomas, predominantly low grade, developing in the context of NF1 in older patients, remain difficult to classify. However, the development of anaplasia in tumors with pilocytic histology is increasingly recognized, especially in adults, and associated with more aggressive behavior in adults and NF1-associated gliomas.^[@CIT0010]^ In a recent study, Reinhardt et al identified a group of aggressive gliomas termed anaplastic astrocytoma with piloid features as a molecular subgroup based on methylation profiling.^[@CIT0008]^ Many of these tumors correspond histologically to pilocytic astrocytomas with anaplasia, although not all tumors in the molecular subgroup satisfy histologic criteria for anaplasia, which has traditionally been applied to tumors with overt features of pilocytic astrocytoma (at least in part), including Rosenthal fibers, eosinophilic granular bodies, concurrent with aggressive features typical of conventional HGGs, particularly brisk mitotic activity and necrosis^[@CIT0011]^ ([Fig. 1](#F1){ref-type="fig"}). Clinical evidence of NF1 or *NF1* mutations are overrepresented in these groups, but sporadic tumors and other MAPK pathway alterations may also have these molecular features and histologic characteristics. However, it is not possible to identify the NF1-associated tumors based on morphologic features alone.

![Anaplastic astrocytoma with piloid features (pilocytic astrocytoma with anaplasia) arising in the cerebellum of a 29-year-old NF1-patient. Well-differentiated pilocytic astrocytoma component (top a, b) and sharp interface with an anaplastic component characterized by high cellularity and brisk mitotic activity (bottom a, d). ATRX loss detected by immunohistochemistry in well-differentiated (c) and anaplastic (e) components. Positive cells in the stroma and vessels serve as an important internal control (scale bar representing 100 µm applicable to panel a; scale bar representing 50 µm applicable to panels b--e).](noaa036f0001){#F1}

Of interest, loss of ATRX expression is associated with NF1-associated diffuse LGGs and HGGs, and it is also a feature of pilocytic tumors with anaplasia.^[@CIT0010]^ This marker may be tested through immunohistochemistry during routine diagnostic workup, with the caveat that a small number of tumors with *ATRX* mutations, and presumed loss of function, have intact protein levels. Despite this limitation, testing for ATRX loss is advisable in NF1-associated gliomas believed atypical enough to biopsy, as loss of ATRX function may be associated with a more aggressive natural history than suggested by histologic features alone. These data can be particularly informative in histologically low-grade tumors where there is clinical concern for more aggressive behavior. Conversely, dedicated testing for *IDH1* and *IDH2* mutations is not a priority when there is a limited sample, as mutations in these genes, with few exceptions and in contrast to sporadic gliomas, are not a feature of NF1-associated gliomas. In addition to ATRX, CDKN2A/p16 inactivation is an important event in the process of malignant conversion in NF1-associated tumors. This has been best studied in NF1-associated peripheral nerve sheath tumors such as atypical neurofibromas and malignant peripheral nerve sheath tumors (MPNSTs).^[@CIT0011]^ This is less well established in the setting of NF1 glioma.^[@CIT0014]^

Biopsy specimens obtained from individuals with NF1 are often small, and it is imperative that they be triaged appropriately for diagnostic accuracy. This is important particularly for tumors involving areas of difficult access, including the optic pathway and brainstem. Priority should be given to formalin-fixed paraffin-embedded (FFPE) tissue for an initial accurate pathologic diagnosis and grading, which frequently requires routine hematoxylin and eosin stained sections and immunohistochemistry. Ancillary molecular testing can also be routinely performed on FFPE sections using a variety of commercial or in-house next-generation sequencing platforms. If enough tissue is available at the time of surgery after the sample for clinical diagnostics has been selected, it is helpful to immediately (snap) freeze a portion and keep it at −80°C for more comprehensive molecular testing if required, which may be guided by current or future clinical trial enrollment criteria.

Recommendations:

1.  Histologic diagnosis, although not indicated for all NF1-associated LGGs, especially in children, is required in potentially "transformed" gliomas of childhood becoming symptomatic or enlarging in adulthood, possibly in those tumors that progress despite empiric therapy, in all tumors first discovered in adulthood, and possibly in atypical, "aggressive" tumors in childhood.

2.  Biopsy specimens of presumed gliomas in individuals with NF1 must be evaluated judiciously prioritizing immunohistochemical assessment of genes frequently mutated (such as ATRX and CDKN2A/B) rather than genes more commonly mutated in sporadic low-grade and anaplastic gliomas.

3.  The impacts on management and outcome of biopsy results in patients with NF1-LGGs should be studied prospectively and evidence-based guidelines developed for indications for biopsy in both children and adults.

Molecular Understandings and Diagnostic/Therapeutic Implications {#s2}
================================================================

Recent comprehensive molecular profiling studies of a large number of pediatric NF1-LGG samples confirmed that most pediatric NF1-LGG contain only inactivating alterations of both *NF1* alleles, as previously described.^[@CIT0015]^ However, a subset (\<15%) of patients harbored additional mutated genes,^[@CIT0008]^ which does not increase in frequency in older children. In contrast, gliomas in adults with NF1 are more likely to exhibit high-grade histology (\~75% of tumors), as well as additional genetic aberrations beyond biallelic NF1 inactivation.^[@CIT0007]^

The first study from the *LANDING* (genomic *LAND*scape *I*n *N*F1-mutant *G*lioma) Consortium examined the molecular alterations in pediatric and adult LGG and HGG from patients with NF1.^[@CIT0007]^ In this analysis, high- but not low-grade NF1 gliomas harbor loss-of-function genetic alterations of *ATRX*, *CDKN2A*, and *TP53,* similar to a previous report demonstrating co-mutation of *NF1*, *ATRX*, and *CDKN2A/B* in a molecularly defined subset of isocitrate dehydrogenase (*IDH*) wildtype HGG (anaplastic astrocytoma with piloid features).^[@CIT0008]^ Recently, DNA methylation profiling has emerged as an important tool for the accurate classification and identification of molecular subtypes of brain tumors in children and adults.^[@CIT0014],[@CIT0016]^ The application of DNA methylation profiling by The Cancer Genome Atlas originally classified NF1 glioma (both low and high grade tumors) within the LGm6 IDH wildtype cluster of sporadic glioma.^[@CIT0014]^ In this context, an important role of ATRX inactivation was shown, with ATRX mutations predicting poor clinical outcome among WHO grade III sporadic tumors as well as in the NF1-glioma cohort.^[@CIT0007]^ When examining these data more closely, however, a further subdivision can be found. In the "pilocytic astrocytoma (PA)--like" subset of LGm6, for example, of sporadic pilocytic astrocytomas it has been shown that some tumors indeed closely match reference pilocytic astrocytoma samples and some to glioblastoma (GBM), but a further substantial proportion matches the methylation signature for anaplastic pilocytic astrocytomas.^[@CIT0008]^

Particularly for pediatric tumors, further work will be required to confirm DNA methylation--based subgrouping. In this regard, preliminary data from the Synodos for NF1 Pediatric Glioma Consortium suggests that while pediatric NF1-gliomas mostly resemble their sporadic PA counterparts, some tumors more closely resemble other classes, including dysembryoplastic neuroepithelial tumor, anaplastic astrocytoma with piloid features, or rosette-forming glioneuronal tumor (D.T.W.J., S.M.P., M.J.F., D.H.G., unpublished data). Interestingly, these subgroups also appeared to be linked with certain co-occurring mutations. For example, NF1-associated tumors with a methylation profile resembling rosette-forming glioneuronal tumors were found to harbor co-mutation of *FGFR1* and *PIK3CA*, as recently reported for their sporadic counterparts.^[@CIT0017]^ These data suggest that a more precise molecular classification of NF1-associated tumors may elucidate their specific molecular drivers.

Genetic alterations of *ATRX*, *CDKN2A*, and *TP53* characterize tumors histologically diagnosed as pilocytic astrocytoma in adolescents and young adults with NF1 (or occurring as sporadic tumors), but classified as anaplastic astrocytomas with piloid features or by DNA methylation profile (LGm6 subgroup). These tumors exhibit a more aggressive clinical behavior. With additional analysis, the application of DNA methylation profiling and next-generation sequencing to gliomas in patients with NF1, and particularly in those with non--optic pathway gliomas (OPGs), or occurring in adolescents and adults will be of utmost importance to inform the optimal clinical follow-up.

With the application of genomic analyses to NF1-associated LGGs and HGGs, additional targets for therapeutic drug design may emerge.^[@CIT0008]^ These future therapeutically actionable nodes include cooperating genetic alterations that impact on cancer cell cycle progression (eg, *TP53*, *CDKN2A*), chromatin remodeling/telomere maintenance (eg, *ATRX*, alternative lengthening of telomeres \[ALT\]), and mitogenic growth control pathways that intersect with neurofibromin loss/RAS hyperactivation (eg, *FGFR1*, *PTPN11*, *PIK3CA*).

An additional notable finding from the study reporting the molecular landscape of NF1 glioma was the identification of a high-immune subgroup of NF1-LGGs characterized by abundant CD3 and CD8-positive T-lymphocyte infiltration and mutation-derived neoantigens.^[@CIT0008]^ These CD8 T-lymphocyte infiltrates exhibited positivity for granzyme B, the key cytolytic effector that is upregulated upon CD8+ T-cell activation and productive responses to immunotherapies.^[@CIT0018]^ These findings suggested that a group of LGGs in NF1 patients may have retained the ability to restrict tumor growth through an active immune response and possibly prevent progression toward more aggressive glioma subtypes. Coupled with experimental evidence in preclinical murine models supporting a role for infiltrating T lymphocytes in the pathogenesis of NF1-associated LGGs,^[@CIT0019],[@CIT0020]^ such information provides critical evidence to guide immunologic therapeutic interventions.^[@CIT0019],[@CIT0020]^ Furthermore, NF1 patients with the high-immune subgroup of NF1-LGGs might uniquely benefit from immune therapy approaches such as checkpoint inhibitors.

However, the clinical relevance of T-lymphocyte infiltrates and mutation-derived neoantigens in NF1 glioma will have to be established as it remains unknown whether such infiltrates or neoantigens are associated with a more indolent course of the disease and actually prevent glioma progression. In particular for pediatric patients, where the overall mutational burden (and hence neoantigen load) is extremely low, more data are required as to the significance of these findings. Furthermore, the cellular complexity of the immune microenvironment reported in the mouse models of LGGs sustained by loss of NF1^[@CIT0019]^ indicates that future studies will have to determine at the single cell level the full molecular and clinical significance of the immune microenvironment of gliomas occurring in NF1 patients. Such analyses will probably require the deconvolution of individual immune cells from global transcriptome analyses and the direct interrogation of the range of cellular states that characterize the tumor microenvironment of gliomas in NF1 patients by single cell functional genomics resolution and other methods such as flow cytometry staining (fluorescence activated cell sorting) and immunostaining.

Still another aspect of NF1 glioma pathogenesis that is poorly understood is senescence. It is well recognized that LGGs in pediatric patients may cease to grow or even involute as a child ages; this is especially true in visual pathway gliomas in children with NF1 after age 5 or 6.^[@CIT0003],[@CIT0006]^ However, the biologic underpinnings of LGG senescence, be they molecular, immunologic, or by other means, are essentially unknown.

Recommendations:

1.  Molecular diagnostics, or at a minimum appropriate surrogate immunohistochemical markers for identification of concomitant mutations, in addition to NF1, are required for full characterizations of NF1-associated anaplastic piloid tumors and glial tumors in adults, as well as atypical aggressive LGGs in children.

2.  In particular ATRX, CDKN2A, and TP53 testing should be conducted in each circumstance of pediatric LGGs in which progression to a more aggressive behavior might be suspected, as well as all gliomas arising in adults with NF1; testing of *FGFR1* and *PIK3CA* should also be considered for all pediatric NF1-associated tumors.

3.  Such molecular findings should be considered in developing treatment and surveillance plans.

4.  Further study of the immunologic milieu of NF1-associated HGGs and LGGs are indicated.

5.  The biologic underpinnings of NF1-LGG-associated senescence require study.

Modeling {#s3}
========

Mouse Modeling of Nf1 Optic Glioma {#s4}
----------------------------------

Given the paucity of human surgical specimens available for study and the difficulties encountered when attempting to establish patient-derived xenograft models, much of our understanding of the pathogenesis of NF1-associated optic gliomas has derived from the use of genetically engineered mouse models. Numerous murine models of *Nf1* optic glioma have been established that couple a germline *Nf1* gene mutation with somatic *Nf1* loss in neuroglial progenitor cells during embryonic development ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}).^[@CIT0021],[@CIT0022]^ Using these strains, the impact of the germline *Nf1* mutation,^[@CIT0023]^ additional genomic alterations,^[@CIT0024]^ cell of origin,^[@CIT0025],[@CIT0026]^ timing of somatic *Nf1* loss,^[@CIT0027]^ and immune cell infiltration (microglia, T cells)^[@CIT0019],[@CIT0028]^ on optic glioma pathogenesis have been demonstrated. In this regard, mice with different germline *Nf1* gene mutations exhibit different tumor penetrance and proliferation, while those with additional genomic alterations (eg, *Pten* mutation) have increased tumor proliferation and volumes.^[@CIT0020],[@CIT0023],[@CIT0024]^ Similarly, mice with different cells of origin (eg, neural stem cells, astrocytes) or timing of somatic *Nf1* loss have different tumor penetrance and latency.^[@CIT0025]^ In addition, these different mouse strains have revealed that glioma growth is dictated in large part by the ability of tumor cells to recruit T cells and microglia and create a supportive tumor microenvironment.^[@CIT0020]^ These mice models have afforded extraordinary opportunities to define the temporal course of cellular and molecular events that culminate in optic glioma development, progression, and glioma-associated vision loss.^[@CIT0031]^

Mouse Modeling of Nf1 High-Grade Glioma {#s5}
---------------------------------------

In contrast to LGG, neurofibromin loss alone is not sufficient to induce NF1-associated HGGs in either patients or mouse models. Instead, the accumulation of additional genetic alterations, particularly in the CDKN2A/p53 pathway, is required for high-grade gliomagenesis. Consistent with mathematical modeling results in human HGGs,^[@CIT0032]^ genetic studies using mouse models have demonstrated that a sequential loss of *p53* and *Nf1* are required for generating HGGs, including GBMs,^[@CIT0033]^ sometimes promoted by *Pten* loss.^[@CIT0037],[@CIT0038]^ In addition, the microenvironment created by GBMs, important for their maintenance, is partly dictated by the spectrum of cancer-associated genetic changes in the cancer cells.^[@CIT0039]^

In general, 2 types of models have been developed based on the cell type(s) targeted with GBM-associated mutations (including NF1) or "cell-of-mutation" ([Supplementary Table 2](#sup2){ref-type="supplementary-material"}). One is to use a tissue-specific promoter---for example, hGFAP-cre (human glial fibrillary acidic protein promoter to direct *Cre*-dependent recombination), which targets both embryonic and adult neural stem cells as well as mature astrocytes ([Supplementary Table 2](#sup2){ref-type="supplementary-material"}). The other is to employ an inducible strategy that targets neural stem or progenitor cells in the adult brain ([Supplementary Table 2](#sup2){ref-type="supplementary-material"}). Despite critical differences in targeting strategies, all these models suggest that neural stem cells or their closest progeny---immature progenitors in the subventricular zone (SVZ) are the cells-of-origin for NF1-associated HGGs and GBMs. It should be noted that in contrast to an earlier study, cells of a relatively mature neuronal lineage are resistant to HGG and GBM formation. A recent study provides the evidence that GBM founder mutations were observed in the SVZ of human brains with IDH-wildtype GBMs.

Preclinical Translation {#s6}
-----------------------

The availability of *Nf1* low-grade and malignant glioma mouse strains provides tractable experimental platforms for preclinical translation. As such, *Nf1* optic glioma mice have also been critical for the identification and preclinical evaluation of promising therapies prior to their translation to children with NF1-OPG,^[@CIT0040]^ including mechanistic target of rapamycin (mTOR), mitogen-activated extracellular signal-regulated kinase (MEK), and phosphatidylinositol-3 kinase (PI3K) as targets for biologically based therapies.^[@CIT0041]^ Moreover, additional molecular targets for future therapeutic drug design have been discovered using these strains, including microglia and microglia-produced tumor growth factors.^[@CIT0019],[@CIT0029]^ Similarly, *Nf1* optic glioma mice have been instructive in elucidating the mechanisms underlying optic glioma--induced vision loss,^[@CIT0044]^ including why girls with NF1-OPG are more likely to experience visual impairment from their tumors relative to their male counterparts. In *Nf1* genetically engineered mice, this sexually dimorphic effect is partly due to estrogen activation of microglia, which results in retinal ganglion cell death and vision loss in *Nf1* optic glioma mice.^[@CIT0047],[@CIT0048]^ Similar studies using malignant glioma strains may reveal other molecular and cellular dependencies amenable to therapeutic intervention, including growth factor and chemokine signaling networks.^[@CIT0044]^ Future deployment of these genetically engineered mice for effective clinical translation should consider the incorporation of numerous strains that better represent the spectrum of clinical heterogeneity seen in patients with NF1, the design of preclinical trials that more accurately mirror those used for human clinical trials, co-targeting the neoplastic and non-neoplastic cells that control glioma growth, and a greater emphasis on attenuating vision loss in NF1-OPG.^[@CIT0049]^ Moreover, the use of patient-derived tumor xenografts, human-induced pluripotent stem cell tumor models, and other experimental optic glioma models^[@CIT0050]^ from other species is likely to increase knowledge of molecular and immunologic mechanisms of tumor development and growth.

While general preclinical modeling has been hampered by the difficulty in establishing immune competent models, immunocompetent murine models of NF-associated CNS tumors exist; these mice harbor *Nf1* heterozygosity with somatic mutation in neuroglial progenitors leading to OPG development.^[@CIT0009]^ This resource enables the potential generation of robust preclinical modeling in the pursuit of appropriate and effective immunotherapy in NF. However, it should be appreciated that while these preclinical models share some similarities with their human counterparts (ie, location within the optic nerves and chiasm, associated vision loss), they lack the characteristic pilocytic histological features (ie, eosinophilic granular bodies, Rosenthal fibers) and develop later than typically seen in children with NF1-OPG (based on equivalent species ages).

Recommendations:

1.  Mouse models of childhood NF1-associated gliomas should be further refined and explored to better delineate pathogenesis and to identify stromal factors which cooperate in glial tumor development.

2.  Models of anaplastic "piloid" and transformed LGGs arising in adulthood are needed.

3.  Models better representing the genetic heterogeneity of NF1 "anaplastic" gliomas, including those derived directly from tumor tissue, need to be developed and interrogated.

4.  Immunocompetent models of NF1-associated gliomas are needed, especially to better inform the immunologic pathophysiology underlying tumor development, growth, and possibly senescence.

Clinical Management and Therapeutic Approaches {#s7}
==============================================

General Aspects {#s8}
---------------

In the pediatric and adolescent age group, NF1-associated LGG is often an indolent disease. In general, children with NF1 and MRI findings consistent with LGG receive tumor-directed therapies if they experience symptomatic progression such as functional deterioration, most commonly visual decline associated with OPG.^[@CIT0051],[@CIT0052]^ However, most clinical trials to date have included patients with radiographically documented growth and/or lesions considered likely to threaten neurologic function or vision on study without objective documentation of functional loss. Because of the 15--20% incidence of OPGs in children with NF1, screening via ophthalmologic examinations is recommended annually until age 8 years (the age of highest risk), and then every other year until 18 years of age, after which the development of OPGs is exceedingly rare.^[@CIT0053]^ Screening for LGG in other locations is not performed routinely, but rather prompted by suspicion based on history, physical examination findings, or symptoms. There is consensus that newly diagnosed NF1-LGG should be monitored with both imaging and ophthalmology for optic pathway tumors; however, there is limited data regarding the ideal frequency of such monitoring.^[@CIT0053]^

There are mixed data regarding the behavior of extra-optic gliomas in adults with NF1.^[@CIT0054],[@CIT0055]^ However, most pediatric studies suggest that such lesions in the brainstem and other regions of the brain respond similarly to chemotherapy as visual pathway lesions. As noted previously, HGGs in adults with NF1 have been shown to have a more aggressive course than their low-grade counterparts; however, there is some evidence indicating that adults with NF1 and HGG may have better outcomes than HGGs in the general population.^[@CIT0056]^ Conversely, increasing experience suggests that pilocytic astrocytomas and other LGGs behave more aggressively in adults with NF1 than their histology would predict.^[@CIT0057]^ In retrospective series, extra-optic location, age greater than 18 years, and progressive symptoms were associated with shorter survival independently of low-grade histology.^[@CIT0054],[@CIT0058]^ Recent series evaluating the impact of ALT and loss of ATRX suggest that these alterations are predictive of aggressive tumor behavior. Specifically, ALT is present in 60% of histologically defined HGGs, but only 19% of histologically defined LGG. Interestingly, only 2/26 "classic" NF1-associated PA had ALT versus 21/44 non-classical NF1-associated PA gliomas and ALT status was a major determinant of survival (median overall survival 18 mo ALT positive vs normal telomere length not reached, or 69 mo for long telomeres even when adjusted for patient age and histological grade).^[@CIT0026]^ In the future, routine assessment of molecular diagnostics in samples from adults with NF1 and glioma and in children, who because of growth rate, unusual location, or lack of response to therapy have undergone biopsy or resection, hold the promise of better characterization of molecular features that may distinguish aggressive gliomas from more indolent lesions. These findings may be the critical data needed to comfortably recommend surveillance versus aggressive management, and ultimately may provide novel therapeutic targets for the aggressive gliomas associated with very short survival data.

Currently, the mainstay of initial therapy for children with NF1-LGG is classic chemotherapy using carboplatin, most often carboplatin + vincristine (CV); vinblastine monotherapy^[@CIT0059],[@CIT0060]^ has also been used. Surgical resection may be warranted in symptomatic NF1-associated LGG; however, this is not usually feasible or safe in patients whose tumors are located within the optic pathway or brainstem. Radiotherapy is avoided in these children given the risk of late effects such as secondary malignancy, neurocognitive decline and moyamoya syndrome.^[@CIT0061]^ However, it should be noted that the relative enhanced risk of secondary tumors or treatment-related malignant transformation has not been demonstrated by prospective studies. Retrospective studies have demonstrated a somewhat higher incidence of new malignancies in children with NF1 receiving radiotherapy, compared with those not treated with radiotherapy.^[@CIT0062]^ Alkylating chemotherapeutic agents have also been avoided given the risk of secondary malignancy.

For adults, there is no NF1-specific treatment paradigm and patients are generally treated according to the histological pathology; as such, patients with pilocytic astrocytomas are often managed with surveillance. Those with diffuse LGG may be offered radiation therapy and individuals with HGG are usually offered conventional radiation, at times with concurrent temozolomide (personal communication, J.B.). However, there is tremendous variability in practice given the uncertain prognosis with both low and high grade histologies, the incompletely documented toxicity and mutagenesis of radiation therapy in adults with NF1, and the emerging molecular diagnostic and treatment landscape for NF1 tumors.

Chemotherapy {#s9}
------------

The regimen of CV is associated with a 5-year event-free survival of 69% ± 4%^[@CIT0060]^ in children with NF1-associated LGGs. Although there are limited prospective data on functional outcomes following chemotherapy, a retrospective review of visual acuity (VA) in NF1-associated OPG using carboplatin-containing regimens in previously chemotherapy-naïve patients revealed that at the completion of chemotherapy, VA improved in 32%, remained stable in 40%, and declined in 28%.^[@CIT0063]^ A variable correlation was found between tumor response by imaging and visual outcome, indicating that each endpoint should be incorporated into future trials, using standardized assessment methods and clearly defined measurements of vision.^[@CIT0063]^ There is still a proportion of patients who progress during or after completing classic chemotherapy or have vision deterioration requiring alternate treatment strategies.^[@CIT0003],[@CIT0006]^

Molecularly Targeted Therapy {#s10}
----------------------------

Based on the knowledge that alterations in the MAPK pathway including the interaction with the aberrations common to NF1 lead to LGG propagation,^[@CIT0003],[@CIT0006]^ numerous novel agents are now in clinical trials targeting the MAPK pathway, such as direct MEK or BRAF inhibitors. BRAF inhibitors have not been studied extensively in NF1 patients given that the initial agents were developed to target the BRAF V600e mutation (which is not typically seen in NF1-LGG) and the theoretic concern, demonstrated to likely be true by one small series using sorafenib, that such agents would have a paradoxical effect and increase the growth of tumors in those with NF1 or BRAF fusions.^[@CIT0003],[@CIT0006],[@CIT0064]^ In contrast, MEK inhibitors have been studied extensively in NF1. Selumetinib (AZD6244), a selective and oral small molecule inhibitor of MEK1/2, has the most robust data to date for NF1-LGG with a 40% response rate, stable to improved VA in visual pathway glioma patients and 2-year progression-free survival (PFS) of 96% demonstrated in a phase II trial.^[@CIT0065]^ Based on these results, the Children's Oncology Group has opened a randomized clinical trial comparing selumetinib with CV in patients with chemotherapy-naïve NF1- LGG. Other MEK1/2 inhibitors, including trametinib and binimetinib (MEK-162), also show promise for refractory/recurrent pediatric LGG in early-phase trials; however, the numbers of children with NF1 on these trials are currently too few to make definitive conclusions.^[@CIT0066]^ The response rate may be similar to selumetinib based on the agents' similar mechanism of action (ATP non-competitive inhibitor of MEK1/2), but this needs to be substantiated by prospective trials.

Other molecularly targeted therapies and "biologic agents" have shown some degree of efficacy in children with NF1-associated LGGs. The anti-angiogenic drug bevacizumab has been investigated in patients with recurrent disease, singly or coupled with irinotecan, has demonstrated a 40--60% radiographic response rate, and has resulted in clinical improvement (including visual improvement in acuity and field) of over 40% of those treated.^[@CIT0069]^ Response may only be transient and deterioration may occur after stoppage of drug; although some patients have maintained their clinical benefit for months to years after treatment. There is an ongoing study enrolling newly diagnosed patients with LGGs, including those with NF1, on treatment with vinblastine alone or vinblastine plus bevacizumab. The goals of treatment of this study are to determine not only the radiographic response, but also the clinical benefit to patients. The hypotheses underlying this treatment approach are that bevacizumab will result in a greater occurrence of visual and neurologic improvement while the vinblastine will result in longer disease control after the 6 months of treatment compared with the historical experience with bevacizumab alone. It should be noted that the latter experience was obtained only in children with recurrent NF1-LGGs.

The use of mTOR inhibitors has been explored in pediatric LGGs including in those children with NF1.^[@CIT0072]^ Overall radiographic response rate was less (\<20%) compared with that observed with other molecular agents; however, some patients with recurrent disease experienced long-term disease control while on and after completion of treatment.

In an attempt to build on the early successes with molecularly targeted therapy, there is great interest in combining effective agents for children with recalcitrant LGGs, especially those that have failed standard therapy or therapy with a single molecular drug. The addition of an epidermal growth factor receptor inhibitor (Tarceva) to an mTOR inhibitor (rapamycin) did not result in any obvious clinical advantage.^[@CIT0073]^ The combination of MEK inhibitor and mTOR inhibitors are under study in children and adults with NF1 and MPNSTs. A similar trial, if the combination is found to be tolerable, is planned in pediatrics for children with progressive LGGs. Additionally, trials are planned attempting to combine MEK inhibitors with bevacizumab, as well as standard cytotoxic agents such as vinblastine.

There has been some reluctance to move ahead with combination trials due to the demonstrable high degree of efficacy, as noted by imaging response, of MEK inhibitors used as single agents in children with LGGs. However, studies comparing the durability of response of single agent therapy with combination therapy are needed. Another concern is the potential of overlapping toxicities when using multiple agents concurrently; especially in children with LGGs that usually act as chronic conditions. As example, both the MEK inhibitors and the mTOR inhibitors may cause skin, mucous membrane, and gastrointestinal toxicities. Similarly, the use of MEK inhibitors with anti-angiogenesis agents, such as bevacizumab, may increase the risk of possible hemorrhage or other vascular toxicities as MEK inhibitors may also have anti-angiogenic properties.

As all these studies continue, the long-term benefits of treatment with molecularly targeted therapy must be assessed, not only for toxicity and durability of response, but for late relapse. The impact of molecularly targeted therapy on senescence, a phenomenon that may underlie the tendency of pediatric LGGs not to progress years after cessation of treatment or in some patients without treatment, must be carefully evaluated.

The management of the more aggressive anaplastic piloid astrocytomas in older children and adults with NF1 remains unsettled.^[@CIT0007]^ There are anecdotal reports of efficacy of conventional radiation plus temozolomide in newly diagnosed higher-grade NF1-associated gliomas in adults; however, these therapies have been associated with substantial short- and long-term toxicity in the setting of NF1, and hence, management of treatment-associated injury/inflammation is a major factor.^[@CIT0074]^ Based on these observations, there has been interest in deferring alkylator therapy in favor of targeted therapies for all adult gliomas. Limited experience, to date, is mixed, with some adults having as long as 12 months of disease control on single agent MEK inhibitor and others having progression within two cycles (J.O.B., personal communication). Work is ongoing to describe the outcomes of adults with NF1-associated gliomas to better define the natural history after surveillance alone, as well as response to conventional and molecularly targeted therapies (J.O.B., personal communication). There is also significant interest in utilizing combination molecularly targeted therapies including MEK inhibitors, mTOR inhibitors, and possibly the CDK4/6 inhibitors (attempting to possibly target concomitant mutations such as CDKN2A) in adult NF1-associated gliomas.

Immunotherapeutic Approaches {#s11}
----------------------------

Based on emerging preclinical animal model data for NF1-LGG, and to a lesser extent the sequencing and molecular data derived from NF1-LGG clinical specimens, it is becoming increasingly clear that the tumor microenvironment and dysregulation of the immune system play a key role in NF1-LGG, and thus immunotherapy is another promising strategy.^[@CIT0057],[@CIT0074],[@CIT0075]^

Neurofibromin gene defects are associated with myeloid progenitor dysregulation,^[@CIT0076]^ and preclinical models are often augmented by inflammatory pressure.^[@CIT0077]^ NF1-associated tumors have increased serum concentrations of pro-inflammatory cytokines, such as interferon-γ and tumor necrosis factor-α.^[@CIT0078]^ A recent characterization of NF-associated tumor immunophenotypes revealed that most NF1-associated neurofibromas contain programmed cell death ligand 1 (PD-L1)--positive tumor cells. PD-L1 positivity was higher in plexiform neurofibromas in which PD-L1+ cells approached 100%. Interestingly, PD-L1 positivity was associated with CD8+ tumor-infiltrating lymphocyte density, thus suggesting that the combination of the two parameters may provide predictive biomarkers for immunotherapy with checkpoint inhibitors.^[@CIT0079]^ Expression of PD-L1 and CD8 immune infiltrates has also been observed in MPNST. More specifically, 57% of MPNST had cytotoxic T-cell infiltrates in the tumor microenvironment.^[@CIT0080],[@CIT0081]^ The presence of an inflamed tumor microenvironment with increased T-cell infiltration has been viewed as a crucial component for the antitumor immune responses to programmed cell death protein 1 blockade recently reported in patients with MPNST.^[@CIT0082],[@CIT0083]^

Another analysis of non-CNS NF1-associated tumors examined human leukocyte antigen and PD-L1 expression and characterized infiltrating T cells, also demonstrating variability in the immunophenotype of NF1 tumors, although some tumors seemed primed for immunologic modulation.^[@CIT0084]^ On the other hand, in NF1-associated CNS tumors, the majority of non-neoplastic cells in the microenvironment supporting tumor growth consist of macrophages/microglia, which are evident early in tumorigenesis and have been demonstrated to support glioma growth via production of paracrine factors and chemokines increasing *NF1-*deficient glial proliferation.^[@CIT0028],[@CIT0085],[@CIT0086]^ Although complex immunophenotypic analysis has not been robustly completed in NF-associated CNS tumors, these data suggest that immune modulation potentially may serve as a compelling therapy.

Several vaccine-based and other interferon-based immunotherapeutic early clinical trials that include patients with NF1-LGGs have been conducted,^[@CIT0087],[@CIT0088]^ and future plans to expand such investigations are under way. It will be imperative to begin understanding the detailed molecular landscape of both the responders and non-responders so as to better prognosticate and tailor therapies more appropriately at the outset of treatment. In one trial testing poly-ICLC, 2 patients with NF1-related LGGs were enrolled. Efficacy data were not reported, although one of these patients exhibited surprisingly significant toxicity.^[@CIT0089]^ In a different recently completed phase II study of poly-ICLC, 5 patients with NF1-associated progressive LGGs were treated; all tolerated therapy well and 4 demonstrated objective tumor response and ongoing stability through completion of 24 months of therapy (T.J.M., personal communication).

The orthogonal approach is a novel technique to display the antibodies in the patient, disclosing the "immunosignature" (IMS) of the tumor.^[@CIT0090]^ The underlying premise to this methodology is that tumors will elicit antibodies to their components and the profile of the antibodies will be clinically useful. An advantage of this strategy is that antigen-activated B cells amplify their signal. A preliminary application of the IMS strategy to NF1 samples seemed promising. Blood from the patients was applied to 0.5 cm^2^ chips on which 125K peptides had been in situ synthesized. The peptides were \~11aa and had been selected from random sequence space to maximize chemical diversity. Two hundred peptides were chosen that appeared to separate 21 NF1 individuals (non-affected carriers, LGG, and neurofibroma) from age-matched controls (S.J., personal communication).

A second type of peptide array was also applied to these samples. These arrays contained 400K, 15aa peptides corresponding to the 220K possible frameshift peptides (FSPs) arising from missplicing of RNA in the tumor. It has been previously shown that these FSPs are highly immunogenic and provide protection in mouse tumor models. These arrays were also able to separate the 21 NF1 samples from non-NF1 controls, as well or better than the IMS arrays. Though the sample set was small (7 LGG, 5 plexiform neurofibroma), these arrays also may be able to distinguish these two classes, which is not possible radiographically. The FSP arrays have the advantage over the IMS arrays in that it may be possible to directly design a therapeutic vaccine based on the reactive FSPs in common across the tumor type. For example, it is theoretically possible to design a vaccine for any child with LGG.

Measures of Outcomes {#s12}
--------------------

There has been a paradigm shift regarding the goals of therapy in children with NF1- LGG. Both the NF1 and neuro-oncology scientific communities now clearly recognize that response rate and tumor shrinkage are not as important as PFS and functional outcomes, especially given the excellent overall survival for NF1-LGG in children. To this end, future studies including the upcoming Children's Oncology Group trial will focus upon visual acuity as a primary outcome measure in patients for OPG in addition to PFS.^[@CIT0068]^ Other functional outcomes such as patient reported outcomes, quality of life assessments, and motor outcomes will also be evaluated.^[@CIT0091],[@CIT0092]^

As the precision oncology era unfolds for children with NF1- LGG, it will be important to not only focus on functional outcomes but also better understand the length of therapy required, the duration of response/stability, the impact of therapy on senescence, and the late effects with these agents---all of which remain unanswered questions at this juncture. In particular, since NF1 is associated with neurocognitive deficits that can impact everyday functioning, it will be imperative to investigate the long-term neurocognitive outcomes in untreated, chemotherapy, and molecularly targeted NF1-LGG individuals to better understand how newer targeted therapies for NF1-LGG comparatively impact this critical outcome.^[@CIT0068],[@CIT0092]^

Recommendations:

1.  Therapeutic interventions for NF1-associated LGGs, especially those of the visual pathway, should focus as much, if not more, on functional outcomes, such as vision, rather than solely on imaging measures tumor control or response.

2.  Precision oncology, utilizing drugs such as the MEK inhibitors, should be used earlier in the disease process, compared with standard chemotherapeutic approaches, and be assessed for efficacy based on not only radiographic imaging response and survival, but also functional outcomes.

3.  Therapeutic studies, based preferably on robust preclinical data, should be developed for transformed, anaplastic piloid, anaplastic, and/or gliomas occurring in adults.

4.  The long-term impact of novel therapies on the phenomena of NF1-LGG associated senescence should be carefully evaluated.

Summary {#s13}
=======

Clearly the molecular and neuroimmunologic understandings of NF1-associated gliomas are actively evolving. The molecular genetic of NF1-associated gliomas is more complex than previously appreciated, especially in young adults, and the presence of likely transformed LGGs raises important challenges. Biopsy is increasingly indicated for patients with NF1-associated gliomas not only for histologic confirmation of the type of tumor present and its histologic grade, but also for, at least, focused testing for mutations, such as ATRX, CDKN2A, and TP53, which have been identified in a sizable portion of transformed or higher-grade tumors. Further, the immunologic makeup of these tumors is complex and another important avenue for discovery and possibly therapeutic intervention. Mouse modeling has already been shown to be an important component of the development of new therapies for NF1-related LGGs and additional mouse models, especially of "transformed" LGGs and NF-related higher-grade gliomas, will be required to identify and evaluate new therapies. Chemotherapy remains the predominant form of treatment for children with LGGs and often results in radiographic response or stabilization; however, functional outcome may not be as optimal as MRI may suggest. For older children and adults with higher-grade or transformed gliomas, the benefits of chemotherapy are much less well substantiated. Molecularly targeted therapy, especially treatment with the MEK inhibitors, has been a dramatic addition to the armamentarium of those children with NF-LGGs requiring treatment; however, the long-term benefits and safety of MEK inhibitor therapy, its benefit compared with chemotherapy, and its utility in older patients are essentially unknown. Agents that target the immune circuitry may also be of utility in the near future. Functional outcome measures must be incorporated in future clinical trials to assess the true benefits of all these interventions. These new understandings of NF1-associated LGGs have changed the way these tumors should be approached diagnostically and possibly therapeutically and have led to many new questions that must be rigorously addressed for management and treatment to be optimized.
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